Glycogen, a branched polymer of glucose, forms an energy reserve in numerous organisms. In mammals, the two largest glycogen stores are in skeletal muscle and liver, which express tissuespecific glycogen synthase isoforms. MGSKO mice, in which mGys1 (mouse glycogen synthase) is disrupted, are devoid of muscle glycogen [Pederson, Chen, Schroeder, Shou, DePaoliRoach and Roach (2004) Mol. Cell. Biol. 24, [7179][7180][7181][7182][7183][7184][7185][7186][7187]. The GSL30 mouse line hyper-accumulates glycogen in muscle [Manchester, Skurat, Roach, Hauschka and Lawrence (1996) Proc. Natl. Acad. Sci. U.S.A. 93, 10707-10711]. We performed a microarray analysis of mRNA from the anterior tibialis, medial gastrocnemius and liver of MGSKO mice, and from the gastrocnemius of GSL30 mice. In MGSKO mice, transcripts of 79 genes varied in their expression in the same direction in both the anterior tibialis and gastrocnemius. These included several genes encoding proteins proximally involved in glycogen metabolism. The Ppp1r1a [protein phosphatase 1 regulatory (inhibitor) subunit 1A] gene underwent the greatest amount of downregulation. In muscle, the downregulation of Pfkfb1 and Pfkfb3, encoding isoforms of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, is consistent with decreased glycolysis. Pathways for branched-chain amino acid, and ketone body utilization appear to be downregulated, as is the capacity to form the gluconeogenic precursors alanine, lactate and glutamine. Expression changes among several members of the Wnt signalling pathway were identified, suggesting an as yet unexplained role in glycogen metabolism. In liver, the upregulation of Pfkfb1 and Pfkfb3 expression is consistent with increased glycolysis, perhaps as an adaptation to altered muscle metabolism. By comparing changes in muscle expression between MGSKO and GSL30 mice, we found a subset of 44 genes, the expression of which varied as a function of muscle glycogen content. These genes are candidates for regulation by glycogen levels. Particularly interesting is the observation that 11 of these genes encode cardiac or slow-twitch isoforms of muscle contractile proteins, and are upregulated in muscle that has a greater oxidative capacity in MGSKO mice.
INTRODUCTION
Glycogen is a branched polymer of glucose and the principal reserve of carbohydrate in mammals, with the largest deposits being in liver and muscle [1] . Conversion of glucose to glycogen requires phosphorylation to glucose-6-phosphate, isomerization to glucose-1-phosphate and synthesis of UDP-glucose by UGP2 (UDP-glucose pyrophosphorylase2) ( Figure 1 ). UDP-glucose is the immediate glucosyl donor for glycogen biosynthesis, at the stage of initiation by glycogenin, as well as bulk synthesis by glycogen synthase that forms the basic α-1,4-glycosidic linkages of glycogen. The branching enzyme introduces the α-1,6-glycosidic linkages that create the branched structure. Glycogen synthase is subject to complex regulation and is inactivated by phosphorylation at multiple sites. This inactivation can be overcome by the allosteric activator, glucose-6-phosphate.
Muscle and liver express different isoforms of several of the enzymes in glycogen metabolism, including glycogen synthase [2, 3] , glycogenin in humans [4] , and the degradative enzyme glycogen phosphorylase [5] . In addition, the two organs utilize different GLUTs (glucose transporters) to mediate glucose entry into the cell, as well as different forms of hexokinase/glucokinase for the phosphorylation of glucose. There are two genes, GYS1 and GYS2, encoding glycogen synthase in both mouse and human genomes. To date, GYS2 is only known to be expressed in liver whereas GYS1 is expressed in skeletal muscle and a number of other tissues.
Glycogen is synthesized under conditions of nutritional sufficiency, acting as an energy reserve to be utilized over time. In liver, it functions primarily to supply glucose to the bloodstream. Muscle glycogen, by contrast, is used within muscle cells and depending on fibre type helps to fuel the contractile process. In humans, another role for muscle glycogen may be as a readily accessible repository for ingested glucose, to avoid excessive blood glucose accumulation. A large proportion, 40-90 %, of post-prandial glucose is converted into muscle glycogen and one Abbreviations used: ADRβ2, β 2 -adrenergic receptor; BCKDC, branched-chain α-ketoacid dehydrogenase complex; BDK, BCKD kinase; EST, expressed sequence tag; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GBE1, glycogen branching enzyme; GLUT, glucose transporter; GYS, glycogen synthase; HRP, horse radish peroxidase; I-1, phosphatase inhibitor-1; LRP5, low density lipoprotein receptor-related protein 5; MGSKO, muscle glycogen synthase knockout; mTOR, mammalian target of rapamycin; PFKFB, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase; Ppp1r1a, protein phosphatase 1 regulatory (inhibitor) subunit 1A; RT, reverse transcriptase; UGP2, UDP-glucose pyrophosphorylase 2. 1 To whom correspondence should be addressed (email proach@iupui.edu). Microarray data sets have been deposited at the GEO (gene expression omnibus) of NCBI (National Center for Biotechnology Information) under accession number GSE2198. The accession numbers associated with the range of samples are: MGSKO anterior tibialis, GSM40057-GSM40063 and GSM40956; MGSKO liver, GSM40064-GSM40071; MGSKO medial gastrocnemius, GSM40072-GSM40079; and GSL30 medial gastrocnemius, GSM40080-GSM40089. Proteins are represented by their gene names. αKG, α-ketoglutarate; AcCoA, acetyl-CoA; AcAcCoA, acetoacetyl-CoA; AcAc, acetoacetate; F6P, fructose-6-phosphate; F2,6P 2 , fructose-2,6-bisphosphate; Glc, glucose; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; PropCoA, propionyl-CoA; Pyr, pyruvate; SuccCoA, succinyl-CoA; TCA, tricarboxylic acid; UDPG, uridine diphisphoglucose. The gene names are linked to Unigene citations in Supplementary  Table 5 (http:www.BiochemJ.org/bj/395/bj3950137add.htm). *, Indicates a change only in gastrocnemius; all other changes are in both gastrocnemius and anterior tibialis.
might postulate that defects in glycogen synthesis would be linked to impaired glucose disposal and diabetes [6] [7] [8] . There are indeed reports of an association between mutations in GYS1 and insulin resistance and diabetes in some human populations [9, 10] .
In an effort to determine how muscle glycogen affects wholebody glucose metabolism, we created 2 transgenic mouse models in which muscle glycogen levels were manipulated genetically. GSL30 mice overexpress hyperactive-phosphorylation site mutants of glycogen synthase, driven by the muscle-specific creatine kinase promoter, and overaccumulate glycogen in muscle [11] . MGSKO (muscle glycogen synthase knockout) mice have disrupted Gys1 and hence completely lack glycogen in muscle and several other tissues [12] . The MGSKO mice are 5-10 % lighter, have less fat, a greater capacity to oxidize fat in their muscle tissue and an increased proportion of oxidative fibres in some muscles [13] . Fasted and fed blood-glucose levels were the same in wildtype and MGSKO animals. However, the MGSKO mice were significantly better at disposing of glucose in a glucose tolerance test [13] whereas GSL30 animals performed less well than wildtype littermates [13] . The relatively small muscle glycogen pool in mice possibly explains this somewhat paradoxical result, given the role of muscle glycogen in glucose disposal in humans. Neither of the genetically modified animals was significantly impaired by exhaustive exercise on a treadmill [14, 15] .
In the present study, we report that the expression of multiple genes is affected when glycogen synthase levels, and therefore the amount of glycogen accumulation, is genetically modified in murine skeletal muscle. Many of the genes encode proteins involved in metabolism and in the muscle's contractile apparatus.
In addition, the comparison of transcript levels in the medial gastrocnemius muscle of wild-type, MGSKO and GSL30 mice defined a small number of transcripts that varied in expression either in direct or inverse proportion to glycogen levels, indicating that expression of the corresponding genes is linked to glycogen accumulation.
EXPERIMENTAL

Sample preparation
Generation of the GSL30 and MGSKO transgenic mouse lines has been described previously [11, 12] . For the various biochemical determinations, unless otherwise indicated, fasted animals were killed in the early morning. Male mice (3-month-old) of comparable weight were used in these studies (wild-type/ MGSKO, 29.9 + − 1.3/28.5 + − 1.5 g; WT/GSL30, 26.7 + − 1.7/26.0 + − 0.6 g; weights are the means + − S.E.M. for 5 mice). All mice were maintained in temperature-and humidity-controlled conditions with a 12 h light/dark cycle and were allowed food and water ad libitum. Animals were maintained in the Association for Assessment of Accreditation of Laboratory Animal Careapproved animal facility at Indiana University. All procedures were approved by the Indiana University Animal Care and Use Committee. Total RNA was isolated from the anterior tibialis, medial gastrocnemius, or liver of 4 or 5 wild-type mice and their MGSKO or GSL30 littermates respectively using TRIzol TM Reagent (Molecular Research Center, Cincinnati, OH, U.S.A.). RNA was further purified using the RNeasy ® kit (Qiagen Inc., Valencia, CA, U.S.A.). RNA integrity was confirmed by both electrophoresis on 1 % agarose gels and from UV spectra. Samples were then labelled and hybridized to the Affymetrix MOE430A mouse expression GeneChips ® using the standard Affymetrix protocol [16] at the Indiana University School of Medicine, Center for Medical Genomics. Briefly, 5-10 µg of total RNA was used to synthesize double-stranded cDNA using the SuperScript II kit (Invitrogen, Carlsbad, CA, U.S.A.) and the Affymetrix T7-(dT) 24 primer, which contains a T7 promoter attached to a poly-dT sequence: 5 -GGCCAGTGAATTGTAATACGAC-TCACTATAGGGAGGCGG-(dT) 24 -3 . Labelled cRNA was produced by in vitro transcription using the T7 RNA polymerase with the Enzo BioArray, High Yield RNA Transcript Labeling Kit with biotinylated nucleoside 5 -triphosphates (ENZO Diagnostics Inc., Farmingdale, NY, U.S.A.). Labelled cRNA (15 µg) was used to make a 300 µl hybridization cocktail, of which 200 µl was injected into the GeneChip ® , 1 sample per chip. Samples were hybridized for 17 h at 45
• C with constant rotation. The GeneChips ® then were washed and stained with phycoerythrinlabelled streptavidin.
Data analysis
The GeneChips ® were scanned using a Model 3000 scanner controlled by the MAS5 (Affymetrix Microarray Suite version 5) software [17] . Each sample was scaled to a target intensity of 1000 using the 'all probe sets' scaling option [17] . MAS5 'absolute' expression analysis was performed for each sample [17] . These data were exported from Affymetrix MAS 5.0 and loaded into the MicroArray Data Portal [18] for further analysis. For each comparison between 2 groups of animals, only probe sets that were present in at least 50 % of the samples in at least 1 of the 2 groups were analysed [19] . For analyses, we compared the log 2 of the level of gene expression (signal) using a Welch's unpaired t test [20] . Genes of interest were selected, for which P 0.05, and there was an increase or decrease in expression by a magnitude of 1.5-fold or more.
Quantitative RT (reverse transcriptase)-PCR
Double-stranded cDNA from each GeneChip experiment was used in quantitative RT-PCR reactions carried out using an ABI Prism 7700 Sequence Detection System [Applied Biosystems (ABI), Foster City, CA, U.S.A.] according to the manufacturer's instructions. The following primers were designed using Primer Express TM 1.0 software:
, and Igf1 (5 -gcttccggagctgtgatctg-3 , 5 -agcgggctgcttttgtagg-3 ). Gene names are given in full in Tables 1 and 2 . Reaction volumes were scaled to a 20 µl final volume and were composed of 10 µl of SYBR Green PCR Master Mix, 2 pmol of primer mix and approx. 10 ng of template cDNA. All reactions were repeated in triplicate. The expression levels of tested genes were normalized to an internal GAPDH control. Comparison of fold changes was determined to be significant if P < 0.05 in a paired Student's t test.
Western blot analysis
Skeletal muscle was excised quickly, frozen in liquid nitrogen, and stored at − 80
• C. For Western blot analyses, frozen tissue samples were homogenized (w/v) in 10 vol. of a solution containing 50 mM Tris/HCl (pH 7.5), 0.5 mM EDTA, 2 mM EGTA, 1 % Triton X-100, 0.1 mM N-p-tosyl-L-lysine chloromethyl ketone, 2 mM benzamidine, 0.5 mM PMSF and leupeptin 10 µg/ml using a Tissue Tearer model 285-370 (Biospec Products Inc., Bartlesville, OK, U.S.A.) at maximal setting for 20 s. Protein concentrations were determined by the method of Bradford [20a] using the protein assay dye reagent (Bio-Rad). Protein (50 µg) was separated by SDS/PAGE. Proteins were transferred on to nitrocellulose [I-1 (phosphatase inhibitor-1)] or PVDF membranes [BCKDC (branched-chain α-ketoacid dehydrogenase complex) and BDK (BCKD kinase)] (Millipore, Bedford, MA, U.S.A.) by the semi-dry method and then incubated with the appropriate antibodies. Antibodies to I-1 (a gift from A. Nairn, Department of Psychiatry, Yale University, CT, U.S.A.) were used at a dilution of 1:500. Antisera for each component of BCKDC (subunits E1 and E2) were generated against purified E1 and E2 components from isolated rat liver BCKDC and used at a dilution of 1:500 [21] . A monoclonal antibody against BDK was generously given by Y. Shimomura (Department of Materials Science and Engineering, Nagoya Institute of Technology, Japan) [22] . Membranes were blocked with 50 g/l skimmed milk in TBST [20 mM Tris/HCl (pH 7.5), 0.5 M NaCl and 0.1 % (v/v) . The blots were then incubated with the primary antibody in blocking buffer, washed 3 times with TBST, and incubated with the secondary antibodies. The secondary antibody against I-1
Figure 2 Distribution of the magnitude of changes in transcripts in different tissues
The number of genes significantly up-and down-regulated in both the GSL30 (A) and MGSKO (B, C and D) mouse lines are plotted to show the distribution by the amount of fold-change (experimental/control).
was a rabbit anti-mouse HRP (horseradish peroxidase) conjugate (Sigma) used at a dilution of 1:5000. For BCKDC, HRPconjugated secondary anti-(rabbit IgG) (Upstate, Lake Placid, NY, U.S.A.) was used at a dilution of 1:10 000. For BDK, an anti-(mouse IgG) HRP-conjugate (Upstate) was used. Binding of the antibodies was detected by enhanced chemiluminescence (Amersham Pharmacia Biotech). Membranes were exposed to Kodak X-Omat LS Film and developed according to the manufacturer's recommendations. Levels of protein expression were quantified by densitometric scanning of the films.
RESULTS AND DISCUSSION
Overview
In the present study, microarray-chip analysis was used to investigate the effects of genetically altering the glycogen concentration on transcript profiles in skeletal muscles from the MGSKO and GSL30 mice that either lack or overaccumulate glycogen respectively. To assess whether loss of muscle glycogen caused any indirect metabolic repercussions in liver, we also analysed transcripts in liver from MGSKO mice. The complete microarray data sets have been deposited at the GEO (gene expression omnibus) of NCBI (National Center for Biotechnology Information) (http://www.ncbi.nlm.nih.gov/geo/), under accession number GSE2198. Some 22 690 genes and ESTs (expressed sequence tags; hereafter referred to as genes) are represented on the Affymetrix MOE430A mouse expression GeneChip ® arrays [16] . Our standard-significance filter included a detection call of 0.5, a P value of 0.05, and an increase or decrease in expression by a magnitude of 1.5-fold ( Figure 2 ; for a complete list of these genes see Supplementary Tables 1-4 at http://www. BiochemJ.org/bj/395/bj3950137add.htm). We analysed changes Table 1 , there was perfect qualitative agreement with the results of microarray analysis and in most cases also a good quantitative correlation, giving faith in the overall performance of the gene chip analysis.
Functional classification of affected genes
Implicated genes were annotated and assigned to functional groups. The largest group of genes with a significant change in expression level, 37-43 %, consisted of ESTs and genes for which the protein products have unknown functions (Figure 3 ).
The second largest functional group consisted of genes involved in metabolism in the GSL30 gastrocnemius (18 %), and MGSKO anterior tibialis (18 %), gastrocnemius (22 %), and liver (24 %).
In the medial gastrocnemius of both mouse lines and in the anterior tibialis of the MGSKO mouse, genes involved in Wnt signalling and in muscle function were the other major functional categories. In MGSKO muscle, 79 genes were identified as being affected in both anterior tibialis and gastrocnemius, with all but 4 having an expression level altered in the same direction (see Supplementary  Table 5 at http://www.BiochemJ.org/bj/395/bj3950137add.htm). When transcript profiles from the gastrocnemius of MGSKO and GSL30 mice were compared, the expression of a small subset of 44 genes varied either in direct or inverse proportion to muscle glycogen content (Table 2) .
Muscle metabolism and its regulation in MGSKO mice
The expression of several genes encoding proteins intimately linked to glycogen metabolism was modified in MGSKO mice ( Figure 1 ). The greatest downregulation in expression in both the gastrocnemius and anterior tibialis was of the targeted Gys1 gene, − 45.4 and − 144-fold respectively, as expected given the locus of disruption. This result provides an excellent validation of the specificity of the analysis. The genes for both UGP2 and GBE1 (glycogen branching enzyme) were upregulated, suggesting that they might normally be negatively controlled by glycogen levels. For Ugp2, this idea is strengthened by the observation that its transcript was downregulated in muscle in GSL30 mice. The UDP-glucose pyrophosphatase [Nudt14, where Nudt is (nucleoside diphosphate attached moiety 'X')-type motif] transcript, a recently characterized enzyme that converts UDPglucose to uridine monophosphate and glucose-1-phosphate [23] , was also increased in expression in the gastrocnemius of MGSKO mice. The physiological function of this enzyme is not well understood but the response of the corresponding gene to a loss of glycogen makes the case for its role in glycogen metabolism. The overall impact on UDP-glucose levels in muscle from MGSKO mice appears to be an elevation in expression levels. Initial measurements of UDP-glucose in whole hind-limb muscle from MGSKO mice indicate an approx. 5-fold increase over wild-type animals (results not shown). In previous studies, a decrease in UDP-glucose levels was observed in GSL30 mice [11, 24] , suggesting an inverse relationship between UDP-glucose concentration and glycogen. Therefore we cannot exclude the possibility that the impact of genetically modifying glycogen stores on gene expression is secondary to changes in the concentration of key metabolites, such as UDP-glucose. After Gys1, Ppp1r1a [protein phosphatase 1 regulatory (inhibitor) subunit 1A] showed the greatest downregulation in muscle from MGSKO mice ( Table 2 ; [25] ). Corresponding changes in I-1 protein levels were also confirmed by Western blotting (Figure 4 ). This protein acts as a potent phosphatase inhibitor only after phosphorylation by cAMP-dependent protein kinase [25, 26] and hence has been proposed to be involved in mediating β-adrenergic stimulation of skeletal muscle [27] . Glycogen-associated forms of type 1 phosphatase are thought to dephosphorylate glycogen synthase and phosphorylase [28] and so a decrease in I-1 levels might have been expected to correlate with a greater activation of phosphorylase phosphatase and hence less activation of phosphorylase. In fact, the opposite is true and phosphorylase in muscle from MGSKO mice is in a more activated state [12] . However, this interpretation is complicated by the fact that I-1 is an effective inhibitor only after phosphorylation. A decrease in protein levels does mean that the maximal achievable inhibition would be decreased. The lack of a correlation between I-1
Figure 3 Functional groups of genes with altered expression
Diagrams indicate the proportion of genes in different categories that passed the significance filters consisting of a detection call of 0.5, P 0.05, and an increase or decrease in expression by a magnitude of 1.5-fold. levels and phosphorylase activation has already been reported by Scrimgeour et al. [29] in their studies of Ppp1r1a knockout mice. The absence of I-1 had no effect on basal muscle glycogen synthase levels or phosphorylase activities, or the response of these enzymes to insulin or adrenaline (epinephrine). The role of I-1 in skeletal muscle glycogen metabolism is thus obscure but the results of the present study reaffirm a genetic link with glycogen, even more so since I-1 is elevated in the GSL30 glycogen overaccumulating mice, at both the transcript (Table 2 ) and protein levels ( Figure 4) .
A possible explanation for the activation of phosphorylase in MGSKO mice is the observed upregulation of the Adrb2 (β 2 -adrenergic receptor) gene that could correlate with enhanced signalling through cAMP. This, in turn, would be consistent with the activation of phosphorylase. The Adrb2 transcript level is inversely proportional to muscle glycogen content and is decreased in muscle from GSL30 mice. We observed that the Pfkfb3 (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase3) isoform of the bifunctional enzyme was downregulated in our screen. We confirmed this by real-time PCR (Table 1) and also examined the transcript for the major Pfkfb1 isoform found in liver and skeletal muscle. Pfkfb1 was downregulated but by a magnitude that fell below our filter in the array experiment; however, by quantitative PCR it was shown to be downregulated 2.13-fold (Table 1) . Pfkfb1 is phosphorylated by cAMP [30] . Increased cAMP signalling would reinforce decreased kinase activity of PFKFB, since phosphorylation of the enzyme by cAMP-dependent protein kinase enhances the phosphatase activity [31] . Decreased fructose-2,6-bisphosphate levels would suppress glycolysis. These results are consistent with a reduced flux from glucose to pyruvate. Pfkfb3 encodes an isoform of the bifunctional enzyme that is ubiquitous, has a relatively high kinase to phosphatase activity ratio [32] and is induced by hypoxia [33] . Downregulation of this gene would be likely to decrease the level of fructose-2,6-bisphosphate, a potent activator of glycolysis [34] . Consistent with this idea, Minchenko et al. [35] suggested that the induction of Pfkfb3 by hypoxia would be correlated with elevated glycolysis. The same case has been made in a recent report demonstrating that increased Pfkfb3 expression in cultured cells caused increased glycolysis [36] . Therefore it is reasonable to expect the opposite to occur after downregulation of this gene. Thus the expression changes for both Pfkfb1 and Pfkfb3 would mitigate changes towards decreased glycolysis. The MGSKO mice have muscle with a greater oxidative capacity [13] and so pyruvate is possibly diverted more towards the tricarboxylic acid cycle, and the greater energy return from the oxidation of glucose may explain why the glycolytic flux is decreased.
Another downregulated gene potentially involved in glucose utilization is Slc2a3, which encodes GLUT3. This transporter is generally associated with glucose transport into neurons [37] and its role in skeletal muscle has not been clearly established. However, knock-down of GLUT3 in L6 cells has been reported to substantially decrease basal levels of glucose uptake [38] . It is intriguing that both the Slc2a3 and Pfkfb3 genes are induced by hypoxia under the control of HIF-1 (hypoxia-inducible transcription factor-1) [35, 39, 40] .
Branched-chain amino acid catabolism appears to be downregulated in MGSKO animals, with the expression of Bckdhb1 (BCKD, beta polypeptide) and Dbt (dihydrolipoamide branched chain transacylase), encoding subunits E1β and E2 of the BCKDC, being decreased, as well as the expression of Acadsb (branched/short-chain acyl-CoA dehydrogenase). Parallel changes in protein levels of BCKD subunits E1α, E1β and E2 were confirmed by Western blotting ( Figure 5 ). The protein level of BDK (BCKD kinase) was also increased in muscle from MGSKO mice. Thus the absence of glycogen has resulted in a coordinated response to shut down this regulatory step in branched chain amino acid catabolism [41] , both decreasing enzyme levels and ensuring that any remaining enzyme is inactivated by phosphorylation. Also diminished was the transcript for the SuccCoA (succinyl CoA):AcAcCoA (acetoacetyl-CoA) transferase (Oxct1), an enzyme important for ketone body utilization and branched chain amino acid oxidation. There is some evidence for a link between branched chain amino acids and glycogen metabolism. Nishitani et al. [42] reported that leucine activated glycogen synthase in the liver of cirrhotic rats. Leucine is also implicated in activating the mTOR (mammalian target of rapamycin) pathway [43] that is potentially involved in the activation of glycogen synthase [44] . In fact, the mTOR transcript was upregulated 1.72-fold in anterior tibialis but not gastrocnemius muscle (see Supplementary Tables 2 and 3 at http://www.BiochemJ.org/bj/395/bj3950137add.htm). One could speculate that a sufficiency of glycogen signals an increase in branched-chain amino acid oxidation, diverting intermediates away from conversion to glycogen. Gpt2 (alanine aminotransferase 2) and Glul (glutamine synthase) were also downregulated. Combined with decreased lactate formation from diminished glycolysis, the production of 3 key gluconeogenic substrates, lactate, alanine and glutamine, is likely to be impaired. The overall pattern of the changes in metabolic gene expression is consistent with decreased utilization of glucose, ketone bodies and amino acids to fuel muscle; the difference is likely to be made up by a greater oxidative capacity of muscle in MGSKO animals.
Muscle proteins
A group of 11 genes encoding muscle proteins was upregulated in MGSKO gastrocnemius and downregulated in the GSL30 mouse line (Table 2) . Essentially, these genes encode cardiac or slowtwitch isoforms of the corresponding proteins, consistent with the observation that in MGSKO mice there was an increase in the relative proportion of oxidative fibres [13] . The genes include those encoding myosin light (Myl2 and Myl3) and heavy (Myh6 and Myh11) chains, troponins (Tnnt1 and Tncc), and ATPases (Atp1b1 and Atp2a2). The potential role of glycogen in this adaptation is interesting since glycogen, as a fuel for contraction, is associated with fast-twitch fibres. Does the level of glycogen accumulation have a direct influence on fibre type determination or does fibre type commitment dictate the extent of glycogen accumulation? From these data, it is impossible to distinguish between these two hypotheses. But, for the MGSKO mice, it is tempting to consider that the lack of glycogen has influenced fibre type determination.
Wnt signalling
Wnt signalling events are critical in development and are implicated in a growing number of cellular processes [45] [46] [47] . There is a report linking the pathway to glycogen metabolism [48] but this connection is not well established even though insulin and Wnt signalling pathways share GSK-3 (GYS kinase-3) as a key element. Multiple components and targets of the Wnt pathway were modulated in the gastrocnemius of GSL30 and MGSKO mouse lines (see Supplementary Tables 1 and 2 Table 3 at http://www.BiochemJ.org/bj/395/ bj3950137add.htm). It has been reported that LRP5 is essential for normal cholesterol metabolism and glucose-induced insulin secretion [49] . Additionally, the expression of several genes regulated by Wnt signalling events was altered. These include Herpud1 (homocysteine-inducible, endoplasmic reticulum stressinducible, ubiquitin-like domain member 1; a 1.52-fold decrease in the MGSKO line), and Pkd1 (polycystic kidney disease 1 homologue; a 1.85-fold increase in the GSL30 line).
Liver
In the course of attempting to understand why MGSKO mice performed better than wild-type animals in a glucose tolerance test, we considered the hypothesis that there might be indirect effects on liver and hence included the liver in the present study. There is a precedent for such organ-organ communication in that decreased muscle glycogen levels have been reported to increase interleukin-6 production with subsequent metabolic consequences in the liver [50] . As might have been expected, many fewer genes were affected in the liver (156) compared with muscle (435-467) from MGSKO mice (See Supplementary  Tables 2-4 at http://www.BiochemJ.org/bj/395/bj3950137add. htm). Of particular interest was the identification of Pfkfb3 expression in the array analysis, which was upregulated in liver and downregulated in skeletal muscle. The expression of Pfkfb1, considered to encode the major isoform of the bifunctional enzyme found in liver [51] , was significantly increased 1.47-fold in the array data but fell below the magnitude set in our filter (Table 1) . However, by quantitative PCR, a 9.44-fold upregulation Homogenates were prepared from bulk hind-limb skeletal muscle of MGSKO and wild-type (WT) mice. Extracts were separated by SDS/PAGE and proteins were transferred to membranes. Membranes were probed with appropriate antibodies and proteins detected by chemiluminescence. The migration of the BDCK components E1 and E2, and BDK are shown.
was recorded (Table 1 ). It is possible, then, that the liver of knockout mice increases glycolysis to compensate for altered skeletal muscle metabolism, and contributes to enhanced glucose disposal [13] . In summary, we have shown that alterations in glycogen synthase, and ultimately glycogen levels, result in significant changes in gene expression in skeletal muscle. Glycogen levels affected several genes that encode proteins proximally involved in glycogen metabolism. Pathways for glucose, branched chain amino acid and ketone body utilization appear to be downregulated, consistent with a greater reliance of muscle on oxidative metabolism. Unexpectedly, the expression of several members of the Wnt signalling pathway emerged as being modified, suggesting an as yet unexplained role in glycogen metabolism. By comparing gene expression changes in MGSKO and GSL30 mice, we found that the expression of a subset of 44 genes varied as a function of muscle glycogen content. Particularly interesting is the fact that 11 of these genes encode cardiac or slow-twitch isoforms of muscle contractile proteins and are upregulated in MGSKO muscle which has a greater oxidative capacity. This group also includes a number of genes encoding proteins potentially involved in signalling, including I-1 and the ADRβ2, as discussed above, as well as 2 poorly characterized protein kinases, Snrk (Snf1 related kinase) and the MAPK (mitogen-activated protein kinase) pathway enzyme Map3k7. The former is interesting because its relatives, Snf1p in yeast [52] or AMP-activated kinase in mammals [53, 54] , are known to bind glycogen [55, 56] . These 44 genes are all candidates for regulation by cellular glycogen levels.
